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Abstract
The SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY
(SCIAMACHY) aboard the Envisat satellite provided measurements from August 2002
until April 2012. SCIAMACHY measured the scattered or direct sunlight using different
observation geometries. The limb viewing geometry allows the retrieval of water vapour5
at about 10 to 25 km height from the near infrared spectral range (1353–1410 nm).
These data cover the Upper Troposphere and Lower Stratosphere (UTLS), a region in
the atmosphere, which is of special interest for a variety of dynamical and chemical pro-
cesses as well as for the radiative forcing. Here, the latest data version of water vapour
(V3.01) from SCIAMACHY limb measurements is presented and validated by compar-10
isons with data sets from other satellite and in situ measurements. Considering retrieval
tests and the results of these comparisons, the V3.01 data is reliable from about 11 to
23 km and the best results are found in the middle of the profiles between about 14 and
20 km. Above 20 km in the extra tropics V3.01 is drier than all other data sets. Addition-
ally, for altitudes above about 19 km the vertical resolution of the retrieved profile is not15
sufficient to resolve signals with a short vertical structure like the tape recorder. Below
14 km SCIAMACHY water vapour V3.01 is wetter than most collocated data sets, but
the high variability of water vapour in the troposphere complicates the comparison. For
14 to 20 km height, the expected errors from the retrieval and simulations and the mean
differences to collocated data sets are usually smaller than 10 % when the resolution20
of the SCIAMACHY data is taken into account. In general, the temporal changes agree
well with collocated data sets except for the Northern Hemisphere extratropical strato-
sphere, where larger differences are observed. This indicates a possible drift in V3.01
most probably caused by the incomplete treatment of volcanic aerosols in the retrieval.
In all other regions a good temporal stability is shown. In the tropical stratosphere an25
increase in water vapour is found between 2002 and 2012, which is in agreement with
other satellite data sets for overlapping time periods.
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1 Introduction
The Upper Troposphere Lower Stratosphere (UTLS) is the region close to the
tropopause. Here, a minimum in water vapour mixing ratios, the hygropause is located,
(see e.g., Gettelman et al., 2011). Therefore, it is challenging to measure water vapour
in these altitudes, both for in situ instruments (see e.g., Weinstock et al., 2009; Rollins5
et al., 2014) and satellites (see e.g., Hegglin et al., 2013). However, the amount of
water vapour in this region plays a key role in several atmospheric processes. The
water vapour in the UTLS has a strong influence on the radiative budget of the atmo-
sphere (e.g., Forster and Shine, 2002; Solomon et al., 2010; Riese et al., 2012). In the
tropopause region, the incomplete knowledge about water vapour leads to major uncer-10
tainties in the assessment of atmospheric radiative forcing and hence global warming
(Kunz et al., 2013). Therefore, it is important to monitor and understand changes in the
water vapour amount in the UTLS.
The main sources for water vapour in the stratosphere are methane oxidation and the
transport through the Tropical Tropopause Layer (TTL). The methane increase in the15
stratosphere can only explain part of the water vapour changes (e.g., Rosenlof et al.,
2001; Rohs et al., 2006). Another important contribution is the transport through the
TTL, which plays a significant role for the amount of water vapour and its changes in the
lower stratosphere. This transport depends to a large extent on the temperatures in the
TTL (e.g. Fueglistaler and Haynes, 2005). One of the prominent signals in the natural20
variability of water vapour is the tape recorder effect in the tropical lower stratosphere,
which is caused by the annual cycle in the TTL temperatures (Mote et al., 1996).
There are few long time series of more than a decade of measurements in the UTLS
regions, see e.g., Hurst et al. (2011) for more details. Such time series are needed
to identify trends in the observed atmospheric variables (Weatherhead et al., 1998)25
and distinguish them from periodic long term variability. Only global and long term ob-
servations can provide a comprehensive picture of water vapour in the UTLS. The
SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIA-
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MACHY) (Burrows et al., 1995), an instrument on the European satellite Envisat pro-
vided measurements from August 2002 until the sudden end of the Envisat operation
in April 2012, covering nearly one decade (Gottwald and Bovensmann, 2011). SCIA-
MACHY operated in three different viewing geometries, limb, nadir, and occultation
(Bovensmann et al., 1999). This study will focus on SCIAMACHY limb measurements,5
comparisons with SCIAMACHY occultation measurements will also be presented. Limb
measurements of scattered solar radiation in the near infrared (1353–1410 nm) are
used to retrieve water vapour profiles in the UTLS. The data covers the altitude range
between about 10 and 25 km with a vertical sampling of about 3.3 km and provides
near global coverage during daylight. Here, we present the data version V3.01 and10
evaluate its reliability by simulations and comparisons to in situ measurements and
other satellite data sets.
2 Data set V3.01
2.1 Water vapour retrieval
The IUP (Institut für Umweltphysik, engl.: Institute of Environmental Physics) Bremen15
limb water vapour retrieval algorithm V3.01 follows the retrieval concept presented in
Rozanov et al. (2011a) for V3. In the following, this setup is summarized and several
small changes, which are introduced in V3.01 compared to V3 are explained. These
changes include an improved aerosol correction, modifications to accelerate the re-
trieval convergence, a new level 1 (L1) data version, and a different choice of pressure20
and temperature fields.
As explained in Rozanov et al. (2011a) the retrieval is based on the Optimal Esti-
mation type approach (Rodgers, 2000) with first order Tikhonov constraint. A Gauss–
Newton iterative scheme (Rodgers, 2000) is applied to account for the non-linearity of
the inverse problem. SCIAMACHY limb measurements at the tangent heights between25
about 11 and 25 km are used. At each tangent height the spectrum is normalized by the
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solar spectrum measured in the same orbit. A variable correction for wavelength mis-
alignments is applied before the retrieval using the FORTRAN library package GALA-
HAD V2.0 (Gould et al., 2003) for both limb and solar spectrum. Only the resulting
differential absorption structures are evaluated to reduce the influence of aerosols and
surface albedo. The retrieval uses logarithms of the measured radiation and of the5
water vapour number densities. In addition to water vapour, a fit for methane is in-
cluded as well as the surface albedo and a scaling factor for the stratospheric aerosol
profile, which is retrieved from SCIAMACHY data in a preceding step. Also, the tro-
pospheric contribution parameter, a parameter describing the contribution of the water
vapour below the level of the retrieval (10 km) is fitted. This contribution depends on10
both, the amount of water vapour below the measurement heights and the effective
surface elevation (which can be the real earth surface or an elevated altitude due to
opaque clouds). These two components are not fitted simultaneously. During the first
iterations (at least four and as many as necessary to limit the changes of the effec-
tive surface elevation to less than 500 m in two consecutive iterations) the tropospheric15
contribution parameter describes the effective surface elevation. A scaling factor for the
tropospheric water vapour profile is determined in further iterations.
SCIATRAN V3.1 is used as a radiative transfer model (Rozanov et al., 2014). The
limb radiance is calculated including the multiple scattering contribution. For the mul-
tiple scattering, the combined differential-integral approach is applied using a pseudo-20
spherical model with solar zenith angle and viewing angles set according to the spher-
ical ray tracing. This is done for each point along the line of sight (LOS). Weighting
functions are calculated with the single scattering approximation apart from the ones for
tropospheric contribution parameter, surface albedo and stratospheric aerosols, where
a perturbation method is used. The single scattering contribution and the integration25
of both contributions is calculated in a fully spherical atmosphere. The refraction is
taken into account during ray tracing. The forward model uses the correlated-k distri-
bution technique (Buchwitz et al., 2000) with ESFT (Exponential-Sum Fitting of Trans-
missions) coefficients calculated using the HITRAN 2008 database (Rothman et al.,
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2009) including updates for water vapour lines provided on the HITRAN homepage un-
til 2010. For ESFT, 10 coefficients are pre-calculated at 20 pressure and 9 temperature
grid points (case P20 T9 C10) in 0.2 nm spectral bins. As shown in Azam et al. (2012),
these coefficients are sufficient below about 28 km height (see their Fig. 10 result for
P20 T9 C10). They are therefore used for the limb retrieval in contrast to the lunar oc-5
cultation retrieval, which covers a larger height range and requires a larger number of
coefficients, which increases the calculation time.
The signal-to-noise ratio (SNR) of the sun-normalized radiances is calculated from
the spectral residuals after the wavelength shift correction is applied. The SNR is mul-
tiplied by 1.5 to account for systematic features in the residuals, which are not part of10
the noise. The SNR is usually between 400 and 700. It is not identical with the instru-
mental L1 SNR but does include additional, partly systematic errors, which are part of
the residual. It is largest for lower altitudes.
The retrieval unit for the water vapour in SCIATRAN is the logarithm of number
density. In addition the results are provided in volume mixing ratio calculated using15
ECMWF (European Centre for Medium range Weather Forecast) pressure and tem-
perature fields. ECMWF Interim reanalysis pressure and temperature fields are used
in V3.01 instead of ECMWF operational analysis used in V3. The ECMWF reanalysis
is calculated with a consistent model version while the model for the ECMWF analy-
sis data changes without reprocessing, e.g., in 2006 a finer model grid was introduced.20
The different ECMWF fields had, however, only a minor influence on the resulting water
vapour profiles.
The left panel of Fig. 1, shows a SCIAMACHY water vapour profile as a retrieval
example together with the a priori profile. The retrieval is run on a grid between 0 and
60 km height, the grid step is 1 km between 6 and 36 km and coarser above and below.25
The error bars show the retrieval error calculated from the residuals. As a priori, the
trace gas vertical distributions according to the US-standard 1976 model atmosphere
are used for methane and water vapour. The a priori error is set to 300 % for water
vapour and 30 % for methane. For water vapour, the smoothness coefficient for the
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first order Tikhonov constraint increases linearly from 5 at 10 km to 10 at 30 km, while
smoothness coefficient of 1 is used at all altitude layers for methane (see Rozanov et al.
(2011a) for details). The averaging kernels (AVKs) belonging to the water vapour profile
are shown in the middle panel of Fig. 1. The rows of the AVK show the sensitivity of the
retrieval result on the true state (Rodgers, 2000). One colour always marks a row of the5
AVK matrix for water vapour at one altitude of the retrieval grid between 10 and 25 km,
the rows of the AVK matrix for altitudes below and above are displayed in black. The
maxima of these AVK rows cluster at certain heights showing where the information for
the retrieval result comes from. These clusters are resulting from a retrieval grid, which
is denser than the vertical sampling. For SCIAMACHY limb measurements the vertical10
sampling is about 3.3 km. The vertical field of view (FOV) is about 2.5 km. Especially
the lower part of the profile is influenced by the refraction of the LOS in the Earth’s
atmosphere. Therefore, the distance between two tangent points can be larger than
3.3 km. In combination with the regularization the extent of the FOV and the vertical
sampling yield the resolution of the retrieved water vapour profile. It is calculated here15
as inverse of the information content (Purser and Huang, 1993) and is shown in the
right panel of Fig. 1. The lowest part of the profile shows the best vertical resolution of
about 2.5 km. The resolution becomes coarser with increasing height and between the
measurement heights at about 11.6, 15, 18.3, 21.6, and 24.9 km, where local minima
in the vertical resolution are seen. For all SCIAMACHY limb profiles the measurements20
are taken at about the same heights, leading to a systematic variation of the resolution
with altitude in the data set. The coarser resolution at higher altitudes is caused by
a lower SNR combined with the increased smoothness coefficient. In addition, the right
panel of Fig. 1 shows the integral of the AVK rows (“measurement response”). It is
a rough measure of the influence of the data rather than the a priori on the retrieval25
result (Rodgers, 2000). It shows that the magnitude of the a priori has no large influence
on the result. Nevertheless, the shape of the a priori profile influences the result due to
the smoothing constraint.
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The calibration settings and the spectral interval (1353–1410 nm) remain the same
as in Rozanov et al. (2011a). One of the changes in V3.01 compared to V3 is that L1
data versions V7.03 and 7.04 of SCIAMACHY are used instead of V6.03. The change
of the L1 data version was necessary, because V6.03 is not provided for data after
September 2010. The differences between V6.03 and V7.03 include a small change5
in the calculation of instrument pointing and wavelength calibration. Additionally, there
was a change in the consolidation of L1 V7.04 (from U to W). For data of V7.04U
problems with the assignment of the solar spectrum were reported. However, tests
have shown that the differences between V7.03 and V7.04U/W are usually negligible.
Due to the long data processing time it was not possible to provide the complete time10
series with a consistent L1 version.
In contrast to V3 the a priori for tropospheric contribution parameter, surface albedo
and stratospheric aerosol scaling are not replaced after each iterative step. This change
allows a faster retrieval convergence for V3.01. The iterative process, which is limited
to a maximum of 12 steps, is stopped after one of the following convergence criteria is15
reached. The first criterion is that the relative change of the root mean square (RMS)
of the fit residual RMSi−1/RMSi −1 is lower than 10−3. The second criterion is the rel-
ative change of the retrieved parameters with a threshold of 0.01, which is defined as
the maximum relative change in the number densities between 12 and 23 km. Conver-
gence is reached for about 73 % of all retrieved profiles, only these are included in the20
data set.
In Rozanov et al. (2011a) the importance of the aerosol correction for the SCIA-
MACHY water vapour retrieval was highlighted. For both data versions an aerosol re-
trieval is run between 12 and 35 km prior to the water vapour retrieval and the resulting
aerosol profile is used as input. Further tests showed, that not only the stratospheric25
aerosol within the LOS, but also the aerosols below the retrieval altitudes influence the
result. In V3 the a priori profile was used below 12 km. Large differences between the
a priori and the retrieved stratospheric aerosol led to large vertical gradients between
10 and 12 km. Figure 2 shows an example of an aerosol extinction profile for V3.0 to-
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gether with the corresponding one for V3.01. In V3.01, the a priori aerosol extinction
profile below 12 km is scaled to match the retrieved profile at 12 km using a first order
Tikhonov smoothing up to 12 km.
2.2 End-to-end tests
To evaluate the reliability of the retrieval, end-to-end tests are performed. Here either5
an unperturbed (standard) or perturbed atmosphere is used to simulate the limb radi-
ances that SCIAMACHY would measure with a given observation geometry. These ob-
servation geometries change along the orbit, therefore the corresponding regions are
labelled in the following figures. Different observation geometries from selected mea-
sured SCIAMACHY profiles for Northern Hemisphere (NH) and Southern Hemisphere10
(SH) mid latitudes, tropics, and SH Arctic are used. The setting for the unperturbed
case encompasses the US-standard atmosphere water vapour profile, the LOWTRAN
(Kneizys et al., 1986) background aerosol profile, an albedo of 0.5, and an effective
surface elevation of 4 km. In addition to perturbations of the water vapour profile, the
influence of albedo, aerosol, water vapour below the retrieval levels, and effective sur-15
face elevation are tested in the simulated retrievals. For these parameters, correction
terms are included in the retrieval because they are known to influence the measured
intensities.
It must be noted that the retrieval setting for the end-to-end tests differ in one aspect
from the setting for real data. Usually, the SNR is estimated from the residuals, but for20
the simulated intensities there is no noise. To prevent the retrieval from estimating an
unrealistic high SNR, a constant SNR of 500 is assumed. This lies well in the range of
the known SNR of 400 to 700 for retrieval of real SCIAMACHY data. Different from this
the SNR for the end-to-end test is assumed to be constant and does not decrease with
height.25
Figure 3 shows the resulting performance of the retrieval for both the standard (un-
perturbed) profile and perturbed water vapour profiles. To account for the vertical sam-
pling and resolution of SCIAMACHY, all water vapour profiles used as input for the
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simulation are smoothed with the AVK of SCIAMACHY for the direct comparison with
the retrieval result (right panel of Fig. 3). The smoothed profile xcomp S is computed as
follows:
xcomp S = exp(log(xa)+A(log(xcomp)− log(xa))), (1)
where xcomp is the profile which is compared to the retrieved SCIAMACHY water vapour5
profile xSCIA(z), xa is the a priori and A the AVK matrix of the SCIAMACHY water
vapour retrieval. Percentage differences for each individual pair of profiles are calcu-
lated with:
δi (z) =
xSCIA(z)−xcomp(z)
xref(z)
·100.0, (2)
where δi (z) is the percentage difference for an individual pair of profiles at each alti-10
tude z, and xcomp(z) is the original or smoothed data for comparison. For the end-to-
end tests xref(z) is equal to xcomp(z), i.e. the profile which was used to calculate the
intensities with SCIATRAN.
There is a large difference between the smoothed and non-smoothed result in the
cases where the water vapour profile is only perturbed in a narrow layer. Above 22 km15
height the smoothing has a large influence on the result also for several other cases.
This shows, that the given resolution does not allow us to resolve narrow vertical layers
and that the water vapour above 22 km is influenced by the profile below due to the
vertical resolution, as already discussed in Sect. 2.1. Accounting for the resolution
effects the errors are usually smaller than 5 %.20
There is some error even for the unperturbed case. This is mainly caused by the
retrieval of the tropospheric contribution parameter. Although the first guess for the
effective surface elevation is set to the correct result, it is changed during the retrieval.
The implementation of the retrieval for the tropospheric contribution parameter and the
fast simplified multiple scattering scheme used in the first three iterations contribute25
to this error. The effective elevation is the first part of the tropospheric contribution
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parameter that is estimated during these first iterations with the fast simplified multiple
scattering scheme and at least one more iteration. This multiple scattering scheme
leads to errors in the effective surface elevation retrieval and hence to errors in the
retrieved water vapour profile also in the unperturbed case. The higher the effective
surface elevation is, the higher are the errors for the retrieved water vapour profile. With5
a reference surface elevation of 4 km as used in our simulation this error is smaller than
3 % between 10 and 25 km for the unperturbed atmosphere.
The effect from the effective surface elevation can be seen in more detail in Fig. 4,
where the results with perturbed albedo and perturbed effective surface elevations are
shown. Although the test with 2.5 km elevation and 0.7 albedo (middle panel dashed10
lines) is closest to the first guess values (4 km and 0.5, respectively), the ones with
lower elevation yield smaller errors in the water vapour profile (left panel). This is be-
cause a higher elevation and a higher albedo increase the influence of the multiple
scattering from below the tangent altitudes on the water vapour retrieval. For an ele-
vation of 0 or 2.5 km all deviations from the true water vapour profile are smaller than15
5 % between 11 and 22 km. For an elevation of 5 km there are larger ones, especially
if the albedo is 0.7 the deviations even exceed 10 % for some altitudes. For the differ-
ent observation geometries the sign and vertical structure of the errors vary, but their
magnitude is comparable for 0 and 2.5 km elevation. For 5 km elevation the errors are
larger for cases with an albedo of 0.7 for some observation geometries. The retrieval20
for the geometry used in the tests for the tropics yields an error, which did not occur in
the retrievals for measured data (not shown). For measurements, the retrieval usually
results in a low albedo of 0.1 or less (about 65 % of all cases for April 2004). For the
elevation there are many cases with low elevations but e.g., about 55 % of all cases
for April 2004 have an effective elevation of 3.5 to 4.5 km. These elevations are related25
to scenes with thick clouds in the troposphere. Many real scenarios are probably best
represented by the test with 5 km elevation and an albedo of 0.1, which leads to errors
of up to about 7 % above 11 km.
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Prior to the water vapour retrieval the aerosol profile is retrieved (see Rozanov et al.,
2011a). Figure 5 shows the difference between the retrieved and the true water vapour,
if the aerosol extinction profile is perturbed compared to the LOWTRAN background
profile used as first guess. Here, first the aerosol profile is perturbed and used to calcu-
late the simulated intensities for the aerosol retrieval. With them, a new aerosol profile5
is retrieved for 12 to 35 km height. The perturbed profile is also used to simulate the
intensities for the water vapour retrieval. This retrieval is using the aerosol profile from
the aerosol retrieval. In the end, the water vapour profile is compared to the reference
water vapour profile to estimate the effect from a perturbed aerosol profile.
The aerosol profile is perturbed for two different height ranges: the whole profile10
and only heights up to 30 km. The latter are well covered by the aerosol retrieval. The
aerosols show a much larger influence on the retrieved water vapour profile for a per-
turbation of the whole profile (including heights above the retrieval height) than for
a perturbation up to 30 km. The effects on the water vapour profile are exceeding 50 %
in some altitudes and geometries if the whole aerosol profile is multiplied by a factor of 215
or 10. For the tropical geometry a factor of 10 leads to an error, which was not observed
for profiles retrieved from measurements (not shown). A perturbation with a factor 10
for the whole aerosol profile is larger than one would expect in nature. If only the heights
up to 30 km (where the aerosol retrieval can correct the profile) is perturbed the error
on the water vapour profile is smaller than 5 % below 23 km. For smaller perturbations20
the effect on the water vapour retrieval is smaller, too. The errors are lowest for the NH.
Nevertheless, it is important to note, that an unknown aerosol profile above the retrieval
heights of the aerosol retrieval (35 km) can influence the result of the water vapour re-
trieval. Although the aerosol is not well known at these altitudes, it can be expected
that the natural variability is smaller there than below (see e.g., Salazar et al., 2013).25
Recent volcanic eruptions did not reach these heights directly, but aerosols are trans-
ported by the Brewer–Dobson-Circulation (BDC) up to above 30 km, see e.g., Vernier
et al. (2011). Above 40 km, meteoritic smoke influences the aerosol extinction (e.g.,
Neely et al., 2011). There is also a known latitudinal gradient in stratospheric aerosol
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load, which is not considered by the a priori aerosol profile used. The perturbations by
factors of 0.5 and 2 probably represent a realistic variability, at least up to 30 km but
possibly also above.
Because not only the aerosol extinction, but also changes in the aerosol type and
size distribution can have an effect on the water vapour retrieval, the LOWTRAN model5
is used to simulate two different cases with volcanic aerosols. For a moderate amount
of aged volcanic aerosols errors up to about 30 % are found for some heights and
observation geometries. It should be noted that although the aerosol extinction is also
increased in these cases, the resulting errors in the water vapour profiles have in some
altitudes the opposite sign compared to the cases, where the extinction is increased10
by a factor of 10. This shows, that effect of aerosols on the water vapour retrieval
cannot be explained by changes in the aerosol extinction alone. For high amounts of
fresh volcanic aerosols the errors in the water vapour profile are even larger sometimes
exceeding 50 %. For measurements, cases with a very high load of volcanic aerosols
are usually filtered out by the cloud filter, see Eichmann et al. (2015).15
Due to multiple scattering the properties of the atmosphere below the retrieval al-
titudes can influence the measured radiances, too. To correct for this influence, the
tropospheric contribution parameter estimates a scaling factor for the water vapour
profile below 10 km. The effect from the perturbations of the water vapour and aerosol
profile below 10 km is shown in Fig. 6. The water vapour and aerosol retrieval cannot20
retrieve the shape of the corresponding profiles there. Perturbing the water vapour with
a factor of 10 shows a large error in the lowest part of the profile only, up to about
13 km. Above, the error is comparable to the one caused by the smaller perturbations
and is usually smaller than 5 %. A perturbation of the aerosol profile below 10 km can
also cause large errors in the retrieved water vapour above about 18 km. The reason25
is most probably, that the tropospheric contribution parameter corrects for changes in
the water vapour profile below 10 km but not for the aerosol profile. Additionally, the
water vapour absorption lines are likely saturated if the water vapour reaches typical
amounts for the lower troposphere. This result indicates, that the retrieval result can be
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influenced by layers with increased aerosol extinction even if they are below 10 km. It
should be noted, that although test performed here use perturbations of the whole col-
umn starting from the ground, the aerosols at altitudes just below 10 km have a larger
effect on the water vapour retrieval than the ones close to the earth surface. Such lay-
ers can be formed by strong volcanic eruptions and fires. The water vapour amount5
below the lowest retrieval level has a large effect on the retrieval result mainly below
13 km.
Altogether, the end-to-end tests show that the water vapour retrieval works well even
when the a priori water vapour profile is quite different from the true state. The verti-
cal resolution of the retrieval must be considered, because wet or dry layers that are10
narrow compared to the resolution cannot be resolved and altitudes above 22 km are
not independent of the ones below. Especially the aerosols both below and above the
heights of the aerosol retrieval (12 to 35 km) and high effective surface elevations can
cause errors in the retrieved water vapour profile. Usually, these errors are well below
10 % but can be larger for extreme cases (e.g., volcanic eruptions). It should be noted15
that systematic changes in the aerosol content of the atmosphere can introduce sys-
tematic errors in the water vapour profiles. The water vapour column below the retrieval
levels can lead to errors in the water vapour profile above, but mainly for the lower part
of the profile with errors larger than 10 % observed up to 12 km height.
To summarize, the errors expected from the end-to-end tests are smaller than 10 %20
above 12 and below 22 km for usual atmospheric conditions if the resolution of the
profile, is taken into account. In the lowest and uppermost part of the profile larger
errors are possible.
2.3 Cloud filtering and data coverage
Envisat had a sun synchronous orbit with an equator crossing time of 10:00 UTC25
(Gottwald and Bovensmann, 2011). Due to the inclination of the orbit, measurements
took place later than 10:00 UTC in the NH and before 10:00 UTC in the SH. There
were 14.4 orbits of Envisat per day and global coverage was reached within about
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6 days for SCIAMACHY limb measurements at the equator (Bovensmann et al., 1999).
The water vapour retrieval is based on measurements of scattered sunlight, therefore
only day side measurements of SCIAMACHY during the descending phase of the or-
bit can be used. The retrieval is only performed with solar zenith angles smaller than
85◦. Since the solar zenith angle changes with season, this leads to a seasonal de-5
pendence of coverage. In the summer hemisphere the measurement positions reach
further polewards. The region between about 50◦ S and 60◦ N is covered the whole
year. This region is not symmetric around the equator, because the equator crossing
time is 10:00 UTC (not 12:00 UTC). Therefore, higher latitudes are covered in the NH
than in the SH during corresponding seasons. This can for example be seen in Fig. 8d,10
where the highest latitude covered during winter is usually between 60 and 70◦ N in the
NH and between 50 and 60◦ S in the SH.
The computation of the water vapour retrieval is very time consuming despite of the
usage of high performance computer clusters like the one from HLRN (Norddeutscher
Verbund zur Förderung des Hoch- und Höchstleistungsrechnens, engl: North-German15
Supercomputing Alliance). Using HLRN and the computer infrastructure at IUP Bre-
men, the retrieval of one day of SCIAMACHY data was possible each day. Therefore,
in the beginning only every 8th day was calculated to provide a time series from Au-
gust 2002 to April 2012. Figure 7a shows the water vapour mixing ratios at 22 km height
for all measurement positions used in V3.01 for every 8th day in April 2004 (01, 09, 17,20
and 25 April). Due to higher cloud top heights the data are more sparse in the tropics.
To account for these gaps in the tropics and to get a more uniform global distribution,
V3.01 contains data between 45◦ S and 45◦ N for every 2nd day in addition to the global
data. Figure 7b shows this extended data set for April 2004.
The cloud filter is the same as discussed in Rozanov et al. (2011a). Clouds can25
be identified in SCIAMACHY measurements with the SCIAMACHY Cloud Detection
Algorithm (SCODA), which uses a colour ratio method (see von Savigny et al., 2005a;
Eichmann et al., 2009, and Eichmann et al., 2015). We use V1.9 of the cloud filter with
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three wavelength pairs – (750, 1090 nm), (1090, 1552 nm) and (1552, 1685 nm) – and
exclude all profiles, where clouds are detected at altitudes higher than 10 km.
Additionally, measurements taken when Envisat was within the South Atlantic
Anomaly (SAA) are excluded because electronic noise can perturb the measurements
here (Gottwald and Bovensmann, 2011). Therefore, no profiles exist in a region (60–5
20◦ S, 90◦ E–5◦ W) over South America (see Fig. 7). Note that the position of the satel-
lite, not the tangent point of the LOS, is relevant to avoid the SAA.
An additional filter is applied: all profiles where the retrieval is not converging within
12 iterations are omitted. This is slightly different to the water vapour data V3.0 used
in SPARC-DI (Stratosphere–troposphere Processes And their Role in Climate – Data10
Initiative; Hegglin et al., 2013, 2014), where profiles are only omitted, if the retrieval
does not reach convergence after 12 iterations and the RMS of the residual is larger
than 0.01. Additionally, V3.0 has a different data coverage using only every 4th instead
of every 2nd day between 45◦ S and 45◦ N.
The cloud filter is sensitive to high stratospheric aerosol loadings (Eichmann et al.,15
2015), as they were observed after the eruptions of Kasatochi and Sarychev (e.g., Di
Pierro et al., 2013). This leads to reduced coverage over the NH especially in Autumn
2009. This can be seen in Fig. 8d, where the time series of monthly mean data is
shown on a 5◦ × 5◦ grid for 18 km height. Since the end-to-end tests (Sect. 2.2) show
an effect of aerosols on the water vapour retrieval, it is favourable that profiles affected20
by large amounts of aerosols are excluded. Figure 8a–c show the monthly and zonal
means of water vapour volume mixing ratios for three latitude bands (30–90◦ N, 90–
30◦ S, and 30◦ S–30◦ N) between 10 and 25 km. The zonal bands are averaged from
5◦ × 5◦ gridded data and an area weighted mean is applied. As described before, not all
available measurements are used, but the monthly means are based on every second25
day between 45◦ S and 45◦ N and every 8th day polewards of this region.
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Time series analysis
To analyse the data set further we used a multivariate linear regression similar to
the one presented in Gebhardt et al. (2014) for zonal monthly mean water vapour
volume mixing ratios on a 5◦ latitude grid. The fit parameters are: constant term,
linear change, 12 and 6 month sine and cosine terms, as QBO (quasi biennial os-5
cillation) proxies the 10 and 30 hPa Singapore winds (Naujokat et al., 1986, from
http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/), and the Mg II Index as so-
lar cycle proxy. The MG II Index is based on GOME, SCIAMACHY, and GOME II data
(Snow et al., 2014; Weber et al., 2013) and is available at http://www.iup.uni-bremen.
de/gome/solar/MgII_composite.dat. As an example, Fig. 9 shows the time series, the10
different fit parameters, and the residual for 18 km altitude and 10◦ S to 10◦ N.
Figure 10 shows the resulting linear trend in percent per decade. Non-significant
trends are marked with crosses. The criteria for significance is that the trend is larger
than the 2σ error of the linear term. The error of the fits are calculated based on the
fit residuals. There are significant positive trends in the tropical and subtropical lower15
stratosphere as well as at about 50 to 60◦ S and in the northern mid and high latitudes
up to about 16 km. In the inner tropics (10◦ S and 10◦ N) the water vapour increases with
about 10 %decade−1 above 20 km from August 2002 to April 2012. The linear change
in the NH in the mid and high latitudes up to about 16 km reaches very high values at
some places larger than 30 %. Significant negative trends of about 6 to 16 % are found20
in the NH and SH high latitude stratosphere above 18 to 19 km.
Figure 11 shows the amplitude and the phase of the annual cycle. The amplitude is
shown as percentage value of the mean water vapour at each altitude and latitude bin,
the phase is shown as month of the year, in which the annual cycle has its maximum.
One can see that in relation to the mean water vapour the annual cycle is largest in the25
troposphere in both the subtropics and mid latitudes. Up to about 10 km at 65◦ N and
15 km at 25◦ N and up to 12 km between 50 and 30◦ S, the amplitudes are larger than
the mean value. Larger amplitudes are observed in the NH than in the SH. There are
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also large percentage amplitudes in the SH high latitudes both in the troposphere and
stratosphere. The annual cycle has its highest amplitude in the summer hemisphere
below about 15 km. In the inner tropics (10◦ S to 10◦ N) the maximum is found in spring
and early NH summer below about 14 km. Above one can see the tape recorder effect
(e.g., Mote et al., 1996), i.e. the month of the maximum changes from July to October5
with increasing height, up to about 19 km altitude. Above, the tape recorder is not visible
and the month of the maximum changes back to June and May in the inner tropics. In
these months the maximum is also found in the NH stratosphere above about 22 km. In
the extratropical SH stratosphere the maximum above 22 km is found in December to
January. Between 15 and 20 km the maximum is usually in January to March in the NH10
and SH polewards of about 60◦ latitude. Equatorwards of about 50◦ latitude it is found
in August and September in the NH and mainly in October in the SH.
3 Comparisons
Within SPARC-DI SCIAMACHY limb water vapour V3.0 was compared to several other
satellite data sets (Hegglin et al., 2013). V3.01 differs only in two aspects from V3.0:15
more data are processed here, leading to a denser sampling (every second instead
of every fourth day between 45◦ S and 45◦ N) and a stricter filter for convergence is
applied (all non converging retrieval are excluded, for V3.0 only the ones which exceed
a threshold on the RMS of the residual). There are only small changes between V3.0
and V3.01 data as shown within the SPIN (ESA SPARC Initiative) project (Van Roozen-20
dael et al., 2015). Nevertheless, a comparison to in situ and satellite data is presented
here to provide an overview of the quality of the SCIAMACHY data set. In contrast to
SPARC-DI where zonal mean data were compared we focus on comparisons of col-
located profiles, the stability of observed differences over the complete measurement
period of SCIAMACHY, differences found from the time series, and the effect of the25
vertical resolution of the SCIAMACHY profiles on the comparison.
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Balloon measurements using a frost point hygrometer (FPH) are used for compari-
son with the SCIAMACHY data. The balloon launches took place in Boulder, Colorado,
Hilo, Hawaii and Lauder, New Zealand, see Hurst et al. (2011) for a description of the
FPH data. The averaged profile from both ascent and decent is used. This is a different
set of data than one used in Rozanov et al. (2011a), it covers newer measurements,5
different stations, and only profiles included in the temporal sampling of V3.01.
The Fast In situ Stratospheric Hygrometer (FISH; Zoeger et al., 1999; Kunz et al.,
2014; Meyer et al., 2015) measures the total water and can be carried by various air-
borne platforms. Here, we only use data when the FISH was onboard the high-altitude
research aircraft M55-Geophysica to get profiles up to about 20 km. Data are not avail-10
able on a regular basis but during several measurement campaigns (Schiller et al.,
2008). For the following campaigns we found collocations to SCIAMACHY measure-
ments: TROCCINOX (Tropical Convection, Cirrus, and Nitrogen Oxides Experiment,
e.g., Konopka et al., 2007) in 2005, the CRISTA-NF (Cryogenic Infrared Spectrom-
eters and Telescopes for the Atmosphere – New Frontiers) test flights and SCOUT-15
O3 (Stratosphere-Climate links with emphasis On the UTLS-O3; Cairo et al., 2010) in
2005, AMMA (African Monsoon Multidisciplinary Analyses, Redelsperger et al., 2006)
in 2006, and RECONCILE (Reconciliation of essential process parameters for an en-
hanced predictability of Arctic stratospheric ozone loss and its climate interactions, von
Hobe et al., 2013) in 2010. To compare the FISH total water measurements (gas phase20
water and ice crystals) with the water vapour profiles retrieved from SCIAMACHY mea-
surements only FISH measurements for subsaturated conditions are used in order to
omit cirrus clouds. To extract profiles from the FISH measurements, data during the
decent of single M55-Geophysica flights are used. As decent, we define the part of the
flight after the last time the plane was less than 200 m lower than the maximum flight25
altitude. This definition was chosen to omit long flight lags with approximately constant
height. The position and time of the last valid measurements during the flight are used
as time and position of the profile. Ascending profiles are not used to omit data with
possible contamination from wetter air from lower altitudes.
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Water vapour profile retrievals are possible from different observation geometries of
SCIAMACHY. In addition to limb measurements, lunar and solar occultation measure-
ments are available from SCIAMACHY (e.g., Noël et al., 2009). For the SCIAMACHY
occultation measurements the SNR is much higher but the sampling is lower than
for limb measurements. For each orbit, there is only one solar occultation measure-5
ment in the NH and a maximum of one lunar occultation measurement in the SH. The
availability of lunar occultation also depends on the moon phase. The water vapour
retrieval from lunar occultation measurements is presented in Azam et al. (2012), the
solar occultation algorithm is similar to the one used for lunar occultation. Different
from the data set in Azam et al. (2012) the lunar occultation data version used here10
includes ECMWF analysis pressure and temperature fields instead of the US-standard
atmosphere. Both types of occultation measurements have a distinct seasonal cycle in
the measurement latitudes, which makes the analysis of the time series challenging.
However they are well suited for comparisons to collocated limb water vapour profiles
because occultation retrievals usually have a better data quality due to the stronger15
signal and no influence of multiple scattering. It is also advantageous that these mea-
surements are performed by the same instrument (although with different settings) and
cover the same time period. However, there is always a temporal and spatial difference
between limb and occultation measurements. Especially for the lunar occultation mea-
surements only a few collocations to the limb measurements are found, because their20
quality is sufficient only at night time and for a part of the moon phases.
On Envisat, water vapour was also measured by the Michelson Interferometer for
Passive Atmospheric Sounding (MIPAS) (e.g., Fischer et al., 2008; Milz et al., 2009;
von Clarmann et al., 2009; Stiller et al., 2012). Because the platform is the same for
MIPAS as for SCIAMACHY, there is only a small time difference between the measure-25
ments with similar tangent point positions (about 25 min). While SCIAMACHY looks
forward for limb measurements, MIPAS looks backward. Additionally, the angle be-
tween the satellite track and the LOS is different for MIPAS and SCIAMACHY, because
SCIAMACHY looks further off track to adjust to the nadir measurement positions and to
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measure several adjacent limb profiles. The tangent point position difference between
MIPAS and SCIAMACHY is largest in the mid latitudes, leading to fewer collocations
in this area. MIPAS measures the atmospheric emission in the mid infrared spectral
range (Fischer et al., 2008). Here, we use the data version V5R filtered for data with
visibility flag equal 0 and diagonal elements of the AVK smaller than 0.03 between 105
and 25 km height.
ACE-FTS (Atmospheric Chemistry Experiment – Fourier Transform Spectrometer)
on SCISAT is a solar occultation instrument measuring in the mid infrared spectral
range (e.g., Bernath et al., 2005; Carleer et al., 2008; Hegglin et al., 2013). ACE-FTS
measurements are available from 2004 onwards. Here, version 3.0 (Boone et al., 2013;10
Waymark et al., 2013) is used. The time period used stops in September 2010, which is
recommended for this data version. ACE-FTS data are filtered for profiles with relative
errors larger or equal 1 between 10 and 25 km height.
Another solar occultation instrument is the Halogen Occultation Experiment
(HALOE) (Russell et al., 1993). Here, data version 19 (v19) is used, which is the15
third public release of the HALOE data (Grooß and Russell, 2005). The HALOE water
vapour retrieval is described in Russell and Swider (1991) and Remsberg et al. (1990)
and data are available between October 1991 and November 2005.
The Microwave Limb Sounder (MLS) is an instrument on the Aura satellite, which
measures thermal microwave emission in the limb viewing geometry since August 200420
(Schoeberl et al., 2006). The water vapour retrieval is described in Read et al. (2007).
Version 3.3 (v3.3) data used here was validated by Hurst et al. (2014). We use in-
terpolated ECMWF geopotential heights instead of the geopotential heights provided
by MLS to convert from pressure to geometric altitudes. The MLS data are screened
only to use profiles whose status flag is zero and a precision greater than 0 for water25
vapour, temperature, and geopotential height. In addition to the previous checks, for
water vapour only profiles we apply an additional requirement that its quality is greater
than or equal to 1.3 and a convergence less than 2. Sometimes good profiles still
have erroneous values and we reject instances where water vapour values less than
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0.1 ppmv for pressures between 178 and 0.019 hPa. and less than 1.0 ppmv for levels
having pressures greater than 178 hPa. For temperature and geopotential heights the
threshold values are 1.2 for convergence and 0.65 for quality.
SAGE (Stratospheric Aerosol and Gas Experiment) II was a solar occultation instru-
ment on the Earth Radiation Budget Satellite (ERBS) (Mauldin et al., 1985). SAGE II5
operated between October 1984 and August 2005, here we use the most recent data
version 7 (v7.0) (Damadeo et al., 2013).
3.1 Methods
To compare SCIAMACHY water vapour retrieval results to other data sets, only collo-
cated profiles are used. The collocation criteria are listed in Table 1 and differ for the10
various data sets. For comparisons to other limb satellite measurements with a dense
horizontal coverage more strict collocation criteria are used than for occultation and in
situ measurements, which are usually more sparse. The comparisons are performed in
number densities as this is the quantity directly retrieved from SCIAMACHY measure-
ments. All comparison data sets given in volume mixing ratio provide simultaneously15
measured temperature and pressure data which allow the consistent conversion to
number densities. Collocations are not used if the modified potential vorticity, which is
calculated for the position of each profile from ECMWF Interim wind data, differs by
3 PVU or more to omit the comparison of profiles inside and outside the polar vortex.
Usually a smoothing with the AVK is only performed, when high resolution data are20
compared with remote sensed data with a much lower resolution. Theoretically, the
smoothed data set should have infinitely dense data (von Clarmann, 2006). When
comparing different satellite data sets the smoothing with the AVKs is often omitted,
assuming that the resolution are sufficiently close to each other (e.g., Dupuy et al.,
2009; Milz et al., 2009). von Clarmann (2006) proposed to smooth the data with each25
others AVK and vice versa.
Only the in situ measurements have much higher vertical resolution than the SCIA-
MACHY data, so that a smoothing using the AVK is obviously needed. We decided
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to smooth all data sets with the SCIAMACHY AVK following Eq. (1) for the following
reasons. Several other satellite data sets, e.g., from ACE-FTS have a slightly higher
vertical resolution than SCIAMACHY; the data sets with a vertical resolution similar
to SCIAMACHY (e.g., MIPAS and MLS) have a different, usually denser vertical sam-
pling than SCIAMACHY. For the in situ data both, interpolated and smoothed data are5
displayed to provide indications which differences are caused by the sampling and res-
olution of SCIAMACHY. The AVKs of the other satellite data are not used because they
are not always available.
For the comparison of the individual profiles we use Eq. (2), where xcomp(z) is the
data for the comparison, which is either interpolated on the SCIAMACHY retrieval grid10
or smoothed with the SCIAMACHY AVK. Here, for all data sets the reference xref(z) is
calculated as
xref(z) = (xSCIA(z)+xcomp(z)) ·0.5. (3)
Similar to other validation studies (e.g., Dupuy et al. (2009) and references therein) we
calculate the percentage difference (∆(z)), the standard deviation of the bias corrected15
difference and the standard error of the mean (SEM(z)) given by:
∆(z) =
1
N(z)
N(z)∑
i=1
δi (z), (4)
σ(z) =
√√√√ 1
N(z)−1
N(z)∑
i=1
(δi (z)−∆(z))2, (5)
and
SEM(z) =
σ(z)√
N(z)
. (6)20
In this, δi (z) is the percentage difference for an individual pair of profiles (see Eq. 2)
and N is the number of collocations for each altitude z.
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3.2 Comparison to in situ data
3.2.1 Comparison to balloon data
The left panel of Fig. 12 shows the mean profiles of all collocated balloon and SCIA-
MACHY observations. For the balloon data, both profiles interpolated to the SCIA-
MACHY retrieval grid and profiles smoothed with the SCIAMACHY AVKs are shown.5
Dotted lines mark the mean plus and minus the standard deviation (Eq. 5). The mean
percentage difference (Eq. 4) is shown in the right panel of Fig. 12 together with its stan-
dard error of the mean (Eq. 6) as error bars and its standard deviation (dashed lines).
The SCIAMACHY water vapour profiles agree well with the balloon data smoothed with
the AVK. The mean percentage difference is lower than 10 % for most altitudes and10
lower than 20 % everywhere below 22 km. Both panels of Fig. 12 show that the balloon
profiles degraded with the SCIAMACHY AVK agree better to the SCIAMACHY profiles
near the tropopause. For the non-smoothed balloon profiles the shape of the profile
is different especially at about 13 and 15 km height, i.e. at altitudes in between SCIA-
MACHY measurement heights. This emphasizes that it is important to take the vertical15
resolution of the retrieved water vapour profiles from SCIAMACHY into account.
Figure 13 shows the mean percentage differences for launches from different balloon
stations. Due to the location of these stations (Boulder: 40◦ N, 105◦ W; Hilo 19.7◦ N,
155.1◦ W; Lauder 45.0◦ S, 169.7◦ E) the collocations to the balloon measurement are
found in a part of the latitude bands, which are used for the satellite comparisons later,20
i.e. between 60 and 30◦ S for Lauder, 30◦ S and 30◦ N for Hilo, and 30 and 60◦ N for
Boulder. As in Fig. 12 there are differences between the interpolated balloon profiles
and the ones smoothed with the SCIAMACHY AVK. These differences exists for all
stations and is largest for Hilo (i.e. in the tropics). The reason is most probably, that in
the mid latitudes the shape of the a priori water vapour profile is closer to the expected25
real profile. For all stations, SCIAMACHY water vapour V3.01 is drier above about
20 km with up to 20–30 % difference in maximum. For Boulder the agreement to the
balloon data below 19 km is very good, since differences are smaller than the SEM
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and therefore insignificant. For Lauder (SH mid latitudes) and Hilo (tropics) there are
significant differences below 18 km, where SCIAMACHY water vapour V3.01 is about
10 % (SH) and 10–30 % (tropics) wetter.
3.2.2 Comparison to FISH on Geophysica
The comparison to the FISH data is shown in Fig. 14 as the mean of all available5
profiles. There are no FISH measurements on M55-Geophysica available for the upper
part of the profile. Below 16 km the SCIAMACHY water vapour is about 10 to 20 %
higher than the FISH measurement smoothed with the SCIAMACHY AVKs. Between
16 and 18 km the agreement ranges from +10 % at 16 km to −10 % at 19 km. The
best agreement between both data sets is found at 18 km altitude. The differences are10
significant in all altitudes except for 18 km although the SEM is large due to the low
number of collocations. The standard deviation is comparable to that for the balloon
data in Fig. 12.
3.3 Comparison to satellite data
3.3.1 Profiles15
Figure 15 shows the mean percentage difference profiles between V3.01 and lu-
nar/solar occultation water vapour from SCIAMACHY. The lower limit of the profiles
is set by the occultation data and it must be noted, that the location of the collocations
differs between the data sets. The lunar occultation water vapour is only available from
17 km upwards and in the SH southwards of about 56◦ S. Solar occultation profiles20
start at 15 km and are limited to between about 50 and 70◦ N. The limb water vapour
V3.01 agrees well with lunar occultation data. Up to about 22 km, the mean difference
is smaller than 10 %. The difference to the solar occultation data is about 10 % up to
18 km increasing to about 30 % for the highest altitudes.
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Figure 16 shows the comparison with collocated profiles from the other satel-
lite instruments averaged over different latitude bands. All comparison data sets are
smoothed with SCIAMACHY AVKs. For most latitude bands the SCIAMACHY limb wa-
ter vapour V3.01 is drier in the upper part and wetter in the lower part of the profile
compared to the other data sets. In the upper part of the profiles, this difference is5
largest in the NH high latitudes (about 10 to 30 %) and smallest in the tropics (about
0 to 10 %). In the middle part of the profile (about 14–19 km) SCIAMACHY data agree
well with most data sets. The agreement is best in the NH mid latitudes and in the SH
outside the tropics. In the NH high latitudes SCIAMACHY water vapour V3.01 is drier
compared to most data sets down to about 16 km. In the tropics, the SCIAMACHY limb10
water vapour is wet compared to several other instruments and agrees best to ACE-
FTS and MIPAS in the middle part of the profile. In the lower, mainly tropospheric part
of the profile the spread of differences to the various data sets and the standard devi-
ation for each difference profile are comparably large in all latitude bands. In this lower
part of the profiles the best agreement is again found to ACE-FTS and MIPAS, usually15
the difference is smaller than 10 % in the SH high latitudes and in the NH. In the NH
high latitudes the agreement to SAGE II is comparably good. In the tropics and the SH
mid latitudes SCIAMACHY data are more than 20 % wetter than all other instruments
below 12 km. MLS and HALOE are dryer compared to SCIAMACHY for the lower part
of the profile for all latitude bands with up to 50 % (MLS) and up more than 100 %20
(HALOE). It should be noted, that due to the differing collocation criteria (Table 1), a di-
rect comparison between the instruments used for the SCIAMACHY comparisons is
difficult.
3.3.2 Time series
Figures 17 to 19 show the comparisons for 30 day running mean time series from collo-25
cated data for selected altitudes. The mean is calculated with Eq. (4) for all collocations
in every 30 days time slice. Data points are only shown, when two or more collocations
are found within 30 days. They indicate, how the comparisons change with time, e.g., if
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there is a drift or a seasonal cycle in the differences. In the NH high latitudes (Fig. 17,
left panel) the absolute value of the difference already seen in Fig. 16 increases with
time for 18 and 22 km altitude. This is similar for the NH mid latitudes (Fig. 17, right
panel), but here the agreement in the annual cycle of the differences from the other
instruments to SCIAMACHY is better than in the polar region. For 12 and 15 km the5
differences to the other instruments vary more. In the mid latitudes a similar amplitude
of the annual cycle can be seen in the difference to MIPAS and MLS, although the
average difference is usually small for MIPAS and large for MLS at 12 km. This indi-
cates, that the SCIAMACHY time series has a different amplitude of the annual cycle
compared to MIPAS and MLS in the mid latitudes.10
For the SH (Fig. 18), there are no obvious drifts in the differences. In the SH high
latitudes differences in the annual cycle are difficult to estimate because SCIAMACHY
water vapour is not available during the polar night. There is some annual cycle in the
differences in the SH mid latitudes, but not as clear as in the NH. In the tropics (Fig. 19)
there is an annual cycle in the differences to MIPAS at all altitudes, but it is only similar15
to MLS at 18 and 22 km height. The difference to MLS increases with time in the lower
altitudes, especially at 12 km, but this is not the case for the difference to MIPAS. There
are often too few collocations to see clear pattern in the differences with the occultation
measurements (both from SCIAMACHY and other satellites).
3.3.3 Trend and annual cycle20
To get a better insight into differences in linear trends and annual cycles, the same
linear regression as presented in Sect. “Time series analysis” is also applied to the col-
located SCIAMACHY and MLS data. This comparison is done for MLS data, because
of their dense coverage and the long time overlap with SCIAMACHY. The time overlap
with the MIPAS data set used is shorter, because it contains only data from the reduced25
resolution phase starting in 2005. Using collocated data allows us to analyse the influ-
ence of smoothing with the SCIAMACHY AVKs on the multivariate linear regression. In
order to use a 5◦ latitude grid like in Fig. 10, it was necessary to increase the number
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of collocated data by relaxing the collocation criteria between MLS and SCIAMACHY
compared to Table 1 to a time difference of 12 h and a distance of 500 km. Still, there
are fewer data points available than in Fig. 10. Collocations are only available for the
time period, where measurement are available for both instruments (August 2004 to
March 2012), which shortens the time series. The results for the linear trends can5
be seen in Fig. 20. The first panel shows the result for SCIAMACHY, the second for
MLS and the third for MLS smoothed with the AVK of SCIAMACHY. Both, MLS and
SCIAMACHY use sun synchronous orbits and are densely sampled. Therefore, the
subsample of collocated profiles should not cause sampling related drifts as shown
e.g. the SAGE II data by Damadeo et al. (2014). In the case of SCIAMACHY this is10
emphasized by the similarity of the SCIAMACHY data collocated with MLS to those for
the complete data set shown in Fig. 10 for most latitude bands. Small differences in the
magnitude or significance of the trend are probably a result of the reduced length of the
time series in Fig. 20. However, there could be differences due to the systematic, lat-
itude dependent time difference between the SCIAMACHY and MLS measurements,15
independent of the sub sampling the SCIAMACHY measurement has an other local
time than MLS.
For collocated MLS data trends agree well everywhere except in the NH mid lati-
tudes and Arctic. Both instruments show significant positive trends in the tropical and
subtropical stratosphere and rather negative trends near the tropopause and SH Arctic20
stratosphere. In the NH extratropical stratosphere MLS shows positive trends, while
SCIAMACHY shows negative trends above about 18 km in the high latitudes. The MLS
trends near the extratropical tropopause in the NH are mainly positive but not as large
as the ones observed by SCIAMACHY. Smoothing the MLS data with the AVK of SCIA-
MACHY does have some but no large influence on the resulting trends in most areas.25
Only for the positive trends in the NH high latitude tropopause region the agreement
is much better between SCIAMACHY and smoothed MLS data than with unsmoothed
MLS data. The most striking difference is the significant negative trend in the NH Arctic
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stratosphere seen in the SCIAMACHY data while MLS shows small positive trends,
which are not changed by the smoothing.
Figure 21 shows the phase of the annual cycle for collocated data of SCIAMACHY
and MLS. Also here, the smaller sample of SCIAMACHY data shows a similar pattern
as the results from the time series based on all available data in Fig. 10. Below 15 km5
the phase of the annual cycle is similar for SCIAMACHY and unsmoothed MLS data.
Here, the largest differences can be seen in the tropics. From 15 to 18 km there is
usually not more than one month difference in the phase of the annual cycle with the
exception of SH mid and high latitudes, where the patterns start to look different above
15 km. Above 18 km the patterns completely disagree. For MLS the tape recorder effect10
is clearly visible through a phase shift of the annual cycle with increasing altitude for
all altitudes in the tropics, for SCIAMACHY this is only the case up to about 18 km. If
MLS data are smoothed with SCIAMACHY AVKs the tape recorder signal above 18 km
disappears, demonstrating a clear influence of the vertical resolution on the phase of
the annual cycle. Also for most other latitudes the pattern above 18 km is changed by15
the smoothing and becomes more similar to the pattern for the SCIAMACHY data.
4 Discussions
SCIAMACHY limb water vapour V3.01 agrees well with most other data sets, especially
between 14 and 20 km. In this altitude range, the results of the end-to-end tests also
show the smallest errors. The retrieval precision for a single profile calculated from20
the residual of the fit is usually about 10 % in the end-to-end tests (Figs. 3 to 6) and
between 10 and 20 % for measured SCIAMACHY profiles (Fig. 1). The largest errors for
the SCIAMACHY profiles are found in the lowest and highest altitudes of the retrieved
profile. The error is nearly constant with altitude for the end-to-end tests but not for
an observed SCIAMACHY profile. This is because in the simulations a fixed SNR was25
assumed while in the SCIAMACHY retrieval the SNR depends on the residuals and
varies with altitude. The magnitude of the relative errors for SCIAMACHY profiles and
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its altitude dependence fits well to the observed differences with the other data sets,
where differences are usually below 10 % and smallest in the middle of the profile and
increase towards lower and higher altitudes. Above 20 km and below 14 km differences
increase to up to about 30 and 50 % for several instruments, respectively. Differences
to HALOE at the lowest altitudes are even larger, but HALOE v19 is known to be rather5
dry in this region compared with other instruments (Kley et al., 2000; Hegglin et al.,
2013).
There are some similar features in the comparison between SCIAMACHY limb water
vapour and several other instruments indicating systematic errors in the SCIAMACHY
data. The most obvious one is the difference in the stratosphere above about 20 km10
outside the tropics which is present and similar in magnitude in nearly all comparisons
(see Figs. 13 to 19). This indicates that there is a possible dry bias in the SCIAMACHY
data. Its magnitude is usually around 20 % but varies between different latitude bands.
The difference in the comparison to the lunar and solar occultation data is probably
mainly due to their location on different hemispheres. The possible dry bias was smaller15
in the previous data version V3 (Rozanov et al., 2011a). Its increase in V3.01 is most
probably related to changes in the aerosol correction. The influence of the aerosol
correction can vary with latitude due to the latitudinal variation of the scattering angle,
aerosol load, and SNR.
Differences in the comparisons to several data sets indicate a possible wet bias in20
the tropical SCIAMACHY data below 18 km (Figs. 13 and 16). Outside the tropics,
SCIAMACHY is also often wetter in the lowest altitudes compared to some other satel-
lite instruments and the FISH in situ measurements but agrees well to balloon FPH
data, MIPAS, and ACE-FTS. The differences in the lower altitudes are partly caused
by the higher spatial and temporal variability of the water vapour in the troposphere25
and near the tropopause which makes comparisons more challenging. Also diurnal
effects (e.g., Carminati et al., 2014) can play a role if there is a systematic time differ-
ence between the data sets (e.g., Damadeo et al., 2014). This is for example the case
for MLS, which usually measures in the afternoon with an equator crossing time of
7983
AMTD
8, 7953–8021, 2015
UTLS water vapour
from SCIAMACHY
limb measurements
V3.01 (2002–2012)
K. Weigel et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
01:45 LT (Schoeberl et al., 2006; Waters et al., 2006), while the equator crossing time
of SCIAMACHY is 10:00 LT (Gottwald and Bovensmann, 2011). In the tropics and SH
mid latitudes, where this difference is found compared to most other instruments in-
cluding balloon data it is indicating a systematic bias in the SCIAMACHY retrieval. This
is most probably related to the aerosol correction or the surface elevation retrieval.5
It should be noted, that for the profile and time series comparison plots the other data
sets in Figs. 15 to 19 are already smoothed with the AVK of SCIAMACHY. Therefore,
observed differences are not related to the resolution or the shape of the a priori profile.
These effects are shown in Figs. 12, 13, 20, and 21 where comparisons are shown for
smoothed and non-smoothed data.10
Because of the relatively coarse vertical resolution in the upper part of the water
vapour profile and because the measurements above about 25 km cannot be used the
SCIAMACHY limb water vapour retrieval fails to detect the tape recorder above about
18 km. The fact that the tape recorder is not observed at higher altitudes was already
described in Hegglin et al. (2013). Here, we show that this can be explained completely15
by the vertical resolution of the SCIAMACHY water vapour profiles, because smooth-
ing the MLS data with the AVK of SCIAMACHY suppresses the tape recorder, too.
The coarser resolution for the upper part of the profile has the effect that between the
measurement height at about 18.3 and 21.6 km the influence of the measurements at
18.3 km is dominant. Even at 22 km there is a clear influence from the measurement at20
18.3 km (see Fig. 1, middle panel). The SNR for the measurement at about 24.9 km is
usually too low, therefore its influence is even smaller than the one from the measure-
ment at 21.6 km. Higher measurement heights are not taken into account at all due to
their low SNR. Therefore, the retrieval result in the upper part of the profile is a mixture
of measurements at about 18.3 and 21.6 km altitudes. Because the annual cycle is25
more pronounced at 18.3 km and has a different phase due to the tape recorder, this
leads to a phase shift of the observed annual cycle above 18 km and hence destroys
the tape recorder signal in the SCIAMACHY water vapour V3.01.
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This clearly demonstrates that the vertical resolution should not be neglected in the
data comparison and that derived quantities like the tape recorder signal and the ver-
tical velocity in the stratosphere, which can be calculated from steepness of the tape
recorder (e.g., Mote et al., 1996; Niwano et al., 2003; Schoeberl et al., 2008), are af-
fected by the inherent smoothing. The effect is of minor importance for linear trends5
because they does not show a large change with altitude above 20 km (see Fig. 20).
The coarser resolution at these altitudes is found in the SCIAMACHY limb wa-
ter vapour retrieval, because of the decreasing SNR in the spectral range used and
a stronger regularisation needed in the retrieval. Retrieval for other trace gases and
the water vapour retrieval from occultation data have usually a higher SNR (e.g., Azam10
et al., 2012; Rozanov et al., 2011b; von Savigny et al., 2005b). In addition to differ-
ences in the retrieval setup and regularization this implies that their resolution differs
from the one of water vapour and does not show necessarily the same decline with
increasing altitude. Changes of retrieval grid and regularization can possibly improve
the resolution for limb water vapour profiles at these altitudes for future versions of the15
water vapour retrieval.
After applying the AVKs some differences in the phase of the annual cycle remain
but they are usually much smaller than without smoothing the MLS data with the SCIA-
MACHY AVK (Fig. 21). In the NH mid and high latitudes there is a remaining phase
shift of one month above 19 km after the smoothing between the annual cycle of SCIA-20
MACHY and MLS, in the tropics its up to two month (Fig. 21). In the same regions
consistent annual cycles are found in the differences to MLS and MIPAS after smooth-
ing (see Figs. 17 and 19). Therefore, there must be additional reasons for these differ-
ences, which are not explained by the SCIAMACHY AVKs. Sampling, as e.g. discussed
in Damadeo et al. (2014) could play a role for MLS because there is always a latitude25
dependent time difference, but it is unlikely in the case of MIPAS, where the time differ-
ence is less than half an hour since both instruments measure from Envisat.
Figure 17 shows a possible drift in the differences to MLS and several other instru-
ments, which is most likely explained by the increasing load of volcanic aerosols from
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2008 on due to several volcanic eruptions influencing the NH extratropical stratosphere
(e.g., Ernst et al., 2012; Trickl et al., 2013). The aerosol correction for the SCIAMACHY
water vapour retrieval is apparently not capable of correcting for volcanic aerosols com-
pletely. In the end-to-end tests large errors were found for high aerosol loads and vol-
canic aerosols. The volcanic aerosol simulations indicate that an increased aerosol5
load as observed in the NH can lead to decreasing water vapour amounts in the upper
part of the profile. But the not completely corrected effects of aerosols on the water
vapour retrieval depend on the kinds of aerosol and their vertical distribution.
In the tropical lower stratosphere, a significant positive trend is observed by SCIA-
MACHY between August 2002 and April 2012. A similar trend is also found for col-10
located data from MLS and SCIAMACHY (during their overlap time starting in Au-
gust 2004). Figure 19 also shows good agreement and no obvious drifts compared
to ACE-FTS, MIPAS, and MLS in the tropics at 18 and 22 km height. Therefore, this
increase of water vapour mixing ratios in the tropical lower stratosphere is real. It is
beyond the scope of this study to investigate its reasons and longer time series would15
be necessary to see if the increase continues or if it is a part of a long term periodic
variation. Ongoing time series of water vapour in the tropical UTLS are currently avail-
able from MLS and ACE-FTS, but their continuation into the future is uncertain due to
the age of these instruments and missing prospects of new limb measurements in the
UTLS for a number of trace gases including water vapour. In situ measurements are20
currently not available globally, there are few measurements in the tropics and few long
and consistent ground based time series exist only at selected NH mid latitudes (e.g.,
Hurst et al., 2011; Hegglin et al., 2014; Urban et al., 2014).
5 Conclusions
Water vapour profiles are retrieved from SCIAMACHY limb measurements between25
10 and 25 km. Considering the resolution and the vertical sampling of the instruments
the results are reliable between about 11 and 23 km. For data version V3.01 data are
7986
AMTD
8, 7953–8021, 2015
UTLS water vapour
from SCIAMACHY
limb measurements
V3.01 (2002–2012)
K. Weigel et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
available during the complete measurement period of SCIAMACHY, from August 2002
to April 2012. To cover the complete time span and due to the long processing time,
data were retrieved for every 8th day globally and for every second day between 45◦ S
and 45◦ N.
The comparison to other data sets and the end-to-end tests show, that accuracy of5
the SCIAMACHY limb water version V3.01 is in the order of 10 % between about 14
and 20 km, if the vertical resolution of the data is taken into account. This is within the
retrieval precision of the individual profiles. Above 20 km an accuracy of about 20 %
is expected from the end-to-end test and the single profile error. A possible dry bias,
varying between 0 and 30 % depending on latitude is found when compared to other10
data sets. Below 14 km, larger differences between SCIAMACHY and various data sets
occur. Because of the high variability of water vapour and the large differences between
data sets near the tropopause it is unclear if there is a bias in V3.01 at these altitudes.
Most probably, SCIAMACHY limb water vapour V3.01 is rather too wet there, especially
in the tropics.15
The time series of the SCIAMACHY data set agrees well to the collocated data sets
in most regions indicating a good temporal stability. In the NH stratosphere differences
in the annual cycle and linear change are observed compared to several instruments.
The differences in the linear change indicate that there is a drift in V3.01 in this region.
Its reason is most probably the increasing stratospheric aerosols load in the NH due20
to more frequent volcanic eruptions after summer 2008. Volcanic aerosols are most
probably not covered completely by the current aerosol correction. Therefore, we are
working on an improved aerosol correction.
Further improvements are planned for the spectral database of water vapour absorp-
tion, tropospheric correction, retrieval grid, regularization, and L1 data version. The last25
three could together possibly lead to smaller residual and improve the vertical resolu-
tion. This could possibly allow us to detect the tape recorder signal for altitudes above
19 km, which is not possible with the current resolution and altitude coverage of the
retrieved water vapour profiles.
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The positive trend in the tropical lower stratosphere has been observed by SCIA-
MACHY and most other instruments (Figs. 19 and 20). In V3.01 the water vapour
increases with about 10 %decade−1 above 20 km between 10◦ S and 10◦ N from Au-
gust 2002 to April 2012. This may be related to changes in the Brewer–Dobson-
Circulation, however without extending the time series it is not clear if this is a con-5
tinuing trend or only a part of a low frequency variability.
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Table 1. Collocation criteria and number of collocations for the data sets used for comparison
with SCIAMACHY limb measurements.
Instrument Time Distance Period Number
and data version difference [h] [km] used of collocations
Balloon FPH 6 1000 km 2005–2012 126
ACE-FTS V3.0 6 500 km 2004–2010 1602
FISH on M55-Goephysica 12 1000 km 2005–2010 42
HALOE V19 6 500 km 2002–2005 1348
MIPAS V5R 6 200 km 2005–2012 26 082
MLS V3.3 6 100 km 2004–2012 13 680
SAGE II V7.0 6 500 km 2005–2005 1297
SCIAMACHY solar occultation 12 500 km 2002–2012 4949
SCIAMACHY lunar occultation 12 500 km 2004–2012 258
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Figure 1. Left panel: example of a water vapour profile resulting from the retrieval. Middle panel:
corresponding averaging kernels. The colour marks the rows of the AVK matrix for heights be-
tween 10 and 25 km, rows for heights above and below are displayed in black. Right panel:
vertical resolution (black), measurement response (red), and relative error of the retrieved pro-
file (pink, top axis applies).
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Figure 2. Aerosol extinction profiles for V3 (dashed lines) and V3.01 (solid lines) for the two
wavelength used in the aerosol retrieval (1090 nm black and grey line, 1552 nm red and orange
line).
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Figure 3. End-to-end tests for an unperturbed atmosphere (black lines) and for different per-
turbations of the water vapour profile (coloured solid and dashed lines). All lines show the
difference between retrieved and reference profile divided by the reference. The coloured solid
lines shows the error for profiles with halved water vapour for the complete profile (0–60 km,
red), the retrieval heights (10–25 km, blue), and a 2 km layer (12–14 km, green). The coloured
dashed lines show the differences for doubled water vapour profiles in the same height ranges
as for half of the water vapour. The left panel shows the comparison between the retrieval re-
sult and the original water vapour profile. In the right panel the original profile is smoothed with
the AVK resulting from the retrieval to exclude differences caused by the resolution. The lines
underlaid with a grey shading show the retrieval precision based on a constant SNR of 500.
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Figure 4. End-to-end test for a perturbed albedo and effective elevation. The comparison is
done in similar a manner to Fig. 3 for an albedo of 0.1 (solid lines) and 0.7 (dashed lines). The
different surface elevations (0, 2.5, and 5 km) are shown in the different panels. The colours
mark observation geometries for different regions (NH and SH mid latitudes, tropics and SH
Arctic). The smoothing with the AVK is done for all cases (but has no effect here). The grey
shading shows the maximum of retrieval errors.
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Figure 5. End-to-end test for different perturbations of the aerosol profile. In both upper panels
and in the lower left panel the dashed lines show cases where the whole aerosol extinction
profile (0–100 km) is perturbed by multiplying by a factor (given in the title of each panel), solid
lines show cases where the perturbation is limited to 0–30 km. The lower right panel shows
cases where the background aerosol profile is exchanged with cases for aged moderate (solid
lines) and fresh high (dashed lines) volcanic aerosol according to the LOWTRAN model. The
four colours show different observation geometries. The smoothing with the AVK is done for all
cases. The grey shading shows the maximum of retrieval errors.
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Figure 6. End-to-end test for different perturbations of the aerosol (dashed lines) and water
vapour (solid lines) profile below the retrieval heights (0–10 km). The four colours show different
observation geometries, the three panels different perturbations. The grey shading shows the
maximum of retrieval errors. The smoothing with the AVK is done for all cases.
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Figure 7. Coverage of the water vapour retrieval from SCIAMACHY limb measurements for
April 2004. The position of each profile is indicated, the colour scale shows the volume mixing
ratio of water vapour at 22 km height. Data for (a) every 8th day globally (01, 09, 17, 25 April)
and (b) every 8th day globally and every 2nd day between 45◦ S–45◦ N.
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Figure 8. Time series of water vapour volume mixing ratios from SCIAMACHY limb measure-
ments three latitude bands: 30–90◦ N, 30◦ S–30◦ N, and 90–30◦ S and for all latitudes at 18 km
height. Area weighted means of 5◦ × 5◦ gridded data.
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Figure 9. Monthly mean zonal mean water vapour volume mixing ratio time series from SCIA-
MACHY for 10◦ S–10◦ N and 18 km height. The black line in the top panel shows the SCIA-
MACHY time series. The coloured lines in the lower panels show the different fit parameter
terms, the red line in the second panel the residual. In the lower panels the black curves show
the fit parameter terms shown in the corresponding panel plus the residual shown in the second
panel.
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Figure 10. Linear change from the the multivariate linear regression for SCIAMACHY zonal
mean data on a 5◦ latitude and 1 km height grid. Non significant values (< 2σ) are marked with
crosses.
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Figure 11. Amplitude and month of the maximum (1: January, 12: December) for the annual
cycle from the multivariate linear regression applied to SCIAMACHY data on a 5◦ latitude and
1 km height grid.
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Figure 12. Left panel: Mean profiles over all collocations from SCIAMACHY and balloon
born data (the two lines show the data interpolated on the retrieval grid of SCIAMACHY and
smoothed with the AVK of SCIAMACHY, respectively) and their standard deviations (dashed
line). Right panel: Mean percentage difference between SCIAMACHY water vapour profiles and
balloon borne profiles interpolated to the SCIAMACHY retrieval grid (black line) and smoothed
with the AVK of SCIAMACHY (green line). The dotted lines show the standard deviation, the
error bars (if visible) depict the standard error of the mean. The number of collocations is given
for each altitude.
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Figure 13. Same as right panel of Fig. 12, but for individual balloon stations. Left panel: Lauder
(SH mid latitudes), middle panel: Hilo (tropics), right panel: Boulder (NH mid latitudes).
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Figure 14. Left panel: Mean profiles over all collocations from SCIAMACHY and FISH data
(the two lines show the data interpolated on the retrieval grid of SCIAMACHY and smoothed
with the AVK of SCIAMACHY, respectively) and their standard deviations (dashed line). Right
panel: Mean percentage difference between SCIAMACHY water vapour profiles and FISH pro-
files interpolated to the SCIAMACHY retrieval grid (black line) and smoothed with the AVK
of SCIAMACHY (green line). The dotted lines show the standard deviation, the error bars (if
visible) depict the standard error of the mean. The number of collocations is given for each
altitude.
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Figure 15. Comparison between occultation (lunar and solar) and limb (V3.01) water vapour
profiles from SCIAMACHY. The SEM is not visible because it is smaller than the line width.
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Figure 16. Mean percentage difference between SCIAMACHY and other satellite water vapour
profiles smoothed with the AVK of SCIAMACHY in each panel. The dotted lines show the
standard deviation, the error bars (if visible) the SEM. The panels show different latitude bands
(60 to 90◦ N, 30 to 60◦ N, 30◦ S to 30◦ N, 60 to 30◦ S, and 90 to 60◦ S).
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Figure 17. 30 day running mean time series of the mean percentage difference between SCIA-
MACHY and other satellite water vapour profiles smoothed with the AVK of SCIAMACHY (Eq. 4)
for different altitudes for polar (left panels) and middle latitude regions (right panels) in the NH.
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Figure 18. Like Fig. 17 for polar (left panels) and middle latitude regions (right panels) in the
SH.
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Figure 19. Like Fig. 17 for the Tropics (30◦ S–30◦ N).
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Figure 20. Linear trend for zonal monthly mean collocated data from SCIAMACHY and MLS
(unsmoothed and smoothed with SCIAMACHY AVKs). Collocations are found between Au-
gust 2004 and March 2012.
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Figure 21. Month with the maximum of the annual cycle for zonal monthly mean collocated
data from SCIAMACHY and MLS (unsmoothed and smoothed with SCIAMACHY AVKs). Col-
locations are found between August 2004 and March 2012.
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